Abstract-This paper describes a new method for indirect sensing of the rotor position in switched reluctance motors (SRM's) using pulsewidth modulation voltage control. The detection method uses the change of the derivative of the phase current to detect the position where a rotor pole and stator pole start to overlap, giving one position update per energy conversion. As no a priori knowledge of motor parameters is required (except for the numbers of stator and rotor poles), the method is applicable to most SRM topologies in a wide power and speed range and for several inverter topologies. The method allows modest closed-loop dynamic performance. To start up the motor, a feedforward stepping method is used which assures robust startup (even under load) from standstill to a predefined speed at which closed-loop sensorless operation can be applied. Experimental results demonstrate the robust functionality of the method with just one current sensor in the inverter, even with excitation overlap, and the sensorless operation improves with speed. The method is comparable to the back-EMF position estimation for brushless dc motors in principle, performance, and cost. A detailed operation and implementation of this scheme is shown, together with steady-state and dynamic transient test results.
I. INTRODUCTION

I
N RECENT YEARS, the switched reluctance motor (SRM) has received considerable attention for variable-speed drive applications. Its simple construction, due to the absence of magnets, rotor conductors, and brushes, and high system efficiency over a wide speed range make the SRM drive an interesting alternative to compete with permanent magnet (PM) brushless dc motor and induction motor drives. However, the need for a direct rotor position sensor to commutate the current from phase to phase synchronously with rotor position has excluded the motor from many cost-sensitive applications. Fig. 1 shows a 6/4 three-phase SRM.
An encoder, resolver, or Hall sensor attached to the shaft is normally used to supply the rotor position, but the use of these sensors may lead to reliability problems in harsh environments or may become an important part of the overall drive system cost for drives below 1-hp. Also, they increase the overall physical envelope of the motor drive and the number of extra wires.
In this paper, a new method for indirect sensing of the rotor position in SRM's using PWM voltage control is proposed. The paper is structured as follows: a brief review of indirect methods for position detection is given, followed by a theoretical examination of the proposed current gradient sensorless method (CGSM), the implementation of the method and experimental results, a detailed account of the startup 0093-9994/98$10.00 © 1998 IEEE procedure, and conclusions. Table I shows the ratings of the motor used.
A. Review
All SRM's possess a unique relationship between phase inductance, phase current, and rotor position, which makes prediction of rotor position possible. Several indirect rotor position methods have been proposed in the literature, all making use of the inductance variation in one way or another. For example, the chopping current detection technique by Acarnley et al. [1] , the flux-current detection technique by Lyons et al. [2] and Hedlund [3] , the impedance sensing by Acarnley et al. [1] and MacMinn et al. [4] , the modulation techniques by Ehsani et al. [5] , [6] , the mutually induced voltage by Husain [7] , the resonant method by Laurent et al. [8] , and the open-loop control by Bass et al. [9] . A more sophisticated method is the state observer presented by Lumsdaine [10] , but it requires a powerful digital signal processor (DSP). Most of the proposed sensorless methods require some knowledge of the motor's magnetic characteristic. In this paper, a new and attractive CGSM, proposed originally by Kjaer et al. [11] , is for the first time implemented and analyzed. This particular low-cost method needs no a priori knowledge of the motor parameters, except the pole configuration, and it is, therefore, applicable to most SRM topologies.
II. THEORY
The SRM is usually controlled by either closed-loop current control or open-loop PWM voltage control.
There are three types of current control. 1) Hysteresis current control-The current is controlled between two current levels equal to where reference current and hysteresis band. The switching frequency is uncontrolled.
2) Delta modulation-The current is regulated around
with maximum switching frequency limited, also called bang-bang current control.
3) Current regulation with PWM-The current is regulated
close to using PWM. In voltage control, a fixed switching frequency is used to modulate the chopping transistor. The PWM duty cycle is constant during one electrical cycle, but it can be varied to (1) where dc-link voltage and PWM duty cycle which is defined as the fraction of time that the switch is on with respect to the period of the switching frequency.
The simplest way is to leave Q2, Q4, and Q6 on from to and chop Q1, Q3, and Q5 at fixed frequency with its corresponding duty cycle (Figs. 2 and 3) .
The main advantage of current control over voltage control is that the phase current can be controlled precisely, which means that reduction of torque ripple or noise is possible, however, it requires a current sensor for each phase. In contrast, voltage control typically requires only one current sensor in the dc link for overcurrent protection.
From the aforementioned, voltage control is attractive for low-power/low-cost SRM drives, due to the reduced number of current sensors and signal processing required. The theory behind CGSM is based on voltage control, and it is explained as follows.
The phase voltage can be expressed by (2) where phase inductance, phase resistance, phase current, speed, and rotor position. Now, let be defined as the rotor position at which a rotor pole and a stator pole begin to overlap (i.e., where the phase inductance begins to increase), and consider two situations, one just before reaching , referred to as " ," and other just after passing , referred to as " ." The voltage equations for these two situations, neglecting the voltage drop in the phase resistance, become
The inductance at rotor position is ideally equal to the inductance at the unaligned rotor position (see Fig. 3 ):
which yields (6) Therefore, the voltage equations for the two rotor positions can be rewritten as (7) (8)
A. CGSM
As the phase is turned on before , the voltage is maintained constant in a stroke 1 :
By manipulation of (7)- (9), we obtain (10)
As the right-hand side of (10) is positive, the following inequality is always true:
The slope of the phase current is always larger for than for This is the core principle of the CGSM. Fig. 3 shows a typical current waveform for PWM voltage control. It is clear that, when the phase inductance starts to increase at must decrease, or even become zero.
1) CGSM for Switched Reluctance Generator: Let us define as the rotor position at which the rotor and stator poles seize to overlap. For generating, the phase is usually turned on before the aligned position and turned off after , but before (Fig. 4) . Assuming that the phase voltage is maintained constant while the current freewheels through the diodes, i.e.,
, we obtain (12) 1 One energy conversion in a single phase. As the right-hand side of (12) is always negative, the following inequality is always true:
The slope of the generated phase current is always larger for than for Fig. 4 shows a typical generated current waveform. It is clear that, when the phase inductance reaches its minimum value at must decrease. From the aforementioned, we can say that an accurate indication of the rotor position can be detected for both motoring and generating , simply by detection of the change in (assuming constant speed). The CGSM senses , which is given by the motor geometry. One rotor position is estimated per stroke, where the stroke angle in mechanical degrees is defined as (14) where and are the number of rotor poles and the number of phases, respectively.
2) Advantages of CGSM:
The most important advantages of the method are the following.
• No a priori knowledge of inductance profile is required.
• It is applicable to any regular SRM.
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• No prestored data of magnetization curves are needed.
• It is applicable in four-quadrant operation of the drive.
• It does not compromise the performance of the motor.
• It allows closed-loop speed control by changing the duty cycle, commutation angles, or both.
• The commutation angles can be set freely with the condition of (for motoring).
• Implementation is simple, with a minimum of extra components.
• Either the lower transistor bus current waveform or the currents sensed in each phase are used as feedback.
allows operation with only one current sensor.
• No extra computation, control requirements, or compensation factors are needed.
• It allows excitation overlap.
• It is suitable for medium and high speed, given that the peak in the current waveform becomes more prominent with increased speed. 
3) Disadvantages of CGSM:
On the other hand, the disadvantages are as follows.
• It is not applicable at standstill.
• It needs a startup procedure.
• It is not suitable for low speed.
• It does not allow large load torque transients.
• Current regulation is not allowed for reduction of torque ripple or noise.
• It does not have very good efficiency at low speed and low torque.
III. IMPLEMENTATION
The CGSM has been implemented and analyzed for motoring. It is comparable to the back-EMF zero-crossing method of position estimation for brushless dc motors [12] . In a threephase brushless dc machine, the zero crossing of the back EMF indicates two positions per phase per cycle, while the method presented here, according to (11) , indicates one position per phase per cycle and, from these pulses, commutation angles can be obtained. Both motors need a startup procedure (feedforward) when operated without a position sensor.
The block diagram for the fully analog electronic detection circuit is shown in Fig. 5 . It is comprised of a current sensor, two low-pass filters, a differentiator, and a zero-crossing detector. The low-pass filters are used to eliminate the switching frequency and possible noise. For each low-pass filter, a second-order Butterworth filter was used, where the cutoff frequency is determined by the PWM switching frequency. In this case, a cutoff frequency of 8 kHz was used for a switching frequency of 16 kHz. The differentiator is used to obtain , and the zero-crossing detector gives a pulse when is zero. For simplicity, is detected, which puts constraints on the current waveform that should have at least one peak. However, a detection stage that detects the change in , rather than , could be implemented. If the drive is going to be operated in single-pulse mode (i.e., ) the low-pass filters are not necessary, and the number of components in the detection stage is reduced significantly. It should be noted that the electronic circuitry required for the CGSM is minimal (operational amplifiers, resistors, and capacitors), with obvious scope for implementation as a singlechip solution. Fig. 6 shows the block diagram of the sensorless SRM drive. The sensorless position estimation pulses can be generated either by each phase current or the current in the lower transistor bus ( , see Fig. 2 ), which contains the same information as the phase currents required for motoring operation. A single pulse train containing all the required information is obtained from either a single detection circuit sensing or the combination of (OR-gate) sensorless pulses from each phase. Another option that uses only one detection circuit is to multiplex all phase currents.
The commutation stage is implemented with a fieldprogrammable gate array (FPGA) (Xilinx XC3195A) for flexibility in the development stage, but it could be realized with simple, low-cost digital, or even analog, components.
The sensorless pulses are used to generate a position counter as follows. The train of sensorless pulses spaced 30 [according to (14)], obtained from the detection circuit, is used to generate a pulse train with 32 pulses per 30 . In other words, the frequency of the sensorless pulses is multiplied by 32 (using a PLL). Fig. 7 shows the block diagram of the implemented logic circuitry. There are two counters, counter I running at frequency and counter II running at frequency . Upon the arrival of a sensorless pulse, the value of counter I is first held in a register, and then, the counter is reset. The value of counter II builds up to the value in the register. When its value equals the register's value, the comparator generates a pulse and resets counter II. So, a resolution of 384 pulses per revolution is obtained, which is enough to generate commutation pulses with adequate resolution.
A microcontroller (Motorola MC68332) is used to close the speed loop and to analyze this sensorless scheme (less powerful microcontrollers could be used). A classic inverter topology with two transistors and two diodes per phase is used with the variation of splitting the lower rail into two buses, the lower diode bus and the lower transistor bus (Fig. 2) , so that the current in the commutating transistors can be observed by . The experiments have been carried out with both one single detection circuit and one detection circuit per phase. It was found that using does not compromise the drive's performance in any way.
A proportional integral (PI) closed-loop speed controller, which varies the PWM duty cycle for load compensation (as indicated in Fig. 6 ), has been implemented. The firing angles are programmable and can be varied easily to control the motor torque, but they remained fixed in the dynamic tests conducted here. The only operating constraint is to assure , which is not an onerous restriction at any operating speed or torque.
IV. EXPERIMENTAL RESULTS
A fractional horsepower 6/4 three-phase SRM was used to investigate the performance and limitations of the new method. The test motor and the load machine were coupled with flexible rubber couplings. The load machine was a PM motor connected in series with a resistance and a current-controlled power supply. The complete setup is shown in Fig. 8 .
The experiments include detection of sensorless pulses, accuracy in rotor position estimation, speed transients, torque transients, and the assessment of torque-speed range where the motor can be operated sensorless. The angles are represented in mechanical degrees. Fig. 9 (a) shows one phase current , lower transistor bus current , the current gradient position estimation (CGPE) pulses obtained from , and the decoded pulses (DP) for phase 1 measured at 1763 r/min with . Clearly, the correct rotor position is detected. Fig. 9(b) illustrates the case of excitation overlap, showing , CGPE, and DP for phase 1 measured at 1820 r/min, with . Note that this time, two sensorless pulses appear per stroke; the first one is erroneous (when the previous phase is turned off), and the second one gives . A simple logic circuit neglects the first pulse when there is excitation overlap, so DP becomes the decoded signal for phase 1. Fig. 10(a) measured at 2304 r/min, with . Clearly, the position signals show good agreement. Fig. 10(b) shows , and , where and .
is defined as the position where the mechanical overlap occurs, i.e., where the rotor and stator poles start to overlap and it is calculated from the stator and rotor pole arcs.
is defined as the position where the magnetic overlap occurs, obtained from experimental results. It can be observed that, for speeds above 800 r/min, is quite constant and around 3 . This difference shows us that the magnetic overlap differs from the mechanical overlap by 3 , which gives (15) where represents the real position. Hence, the firing angles are shifted 3 (only is shown). Also, we observed that above 800 r/min is close to zero, which means that the position estimation hardly differs from the real position. In contrast, at low speed, there is a deviation of position estimation. This deviation in position estimation is caused by the accuracy in detecting . The most important factors influencing this detection are that the gain of the differentiator is sensitive to frequency, and the comparator amplifier may be offset, i.e.,
. On the other hand, at high speed, the pulses may be delayed by the phase lag of the low-pass filters. However, position deviations can be corrected in the commutation angle controller as a function of speed.
V. STARTUP
It is a requirement of the CGSM that the phases conduct nonzero current, but, also, that the waveform resembles that of Fig. 3 . To bring the motor into running mode, the following two options can be used.
1) Feedforward-The motor is controlled feedforward in open-loop as a stepper motor [12] . A train of pulses with initial frequency is applied to the motor windings in a sequence according to the desired direction. The frequency is increased linearly, and it is assumed that the rotor follows it. 2) Active probing-This method makes use of small current pulses in all phase windings in order to identify the inductance and. hence, rotor position at standstill. With this information, the correct phase can be energized according to the desired direction of rotation.
Once the first phase in energized, small probing pulses are injected in the phase next to be energized. The rotor position is extracted by the probing pulses, and it is used for phase commutation [1] , [4] . It should be noted that a current sensor for each phase may be needed. In both cases, the motor must be accelerated from standstill to the speed where the waveform conditions are met and, therefore, sensorless pulses can be detected. Feedforward was chosen due to its simplicity and reduction of number of current sensors.
A. Feedforward Method
The goal is for the motor to generate enough torque to accelerate up to the speed at which the CGPE pulses can be detected. The takeover speed is defined as the speed at which the motor goes from being operated in feedforward to true sensorless operation (feedback). This method permits a reliable and smooth, but neither efficient nor optimal, startup of the motor, even under load. A train of pulses is applied to each phase in a sequence according to the direction of rotation. The dwell angle 3 is fixed and equal to 30 . Each phase pulse train is phase shifted 30 (120 elec.). To accelerate the motor, the frequency is increased linearly to a value determined by a predefined takeover speed, while a 100% PWM duty cycle is applied and is decreased linearly to a final value according to the load torque at the takeover point. The startup procedure for a takeover speed of 500, 750, and 1000 r/min was simulated, and the PWM duty cycle was decreased to 33%, 50%, and 67%, respectively, in order to assure the current waveform where CGPE pulses can be detected. Fig. 11(a) shows the results. For the case of takeover at 1000 r/min, three traces are shown which correspond to different accelerations. The ramp time can be adjusted depending on the load torque. It is important to mention that the condition required for the CGSM may not be met for speeds below 200 r/min, for the particular drive analyzed here. Fig. 11 (b) depicts and , corresponding to a takeover speed of 1000 r/min with a ramp time of 2 s. The ripple shows how the commutation angles move in order to match the load torque during the startup sequence (as a stepper). It is clear that occurs before , and occurs after . At the takeover speed, is around 43 and is around 73 ; at this time can be estimated. Fig. 11 (c) depicts the instantaneous torque during startup. It shows that, at the beginning, there are significant torque oscillations, but these are limited at the takeover point. Fig. 12 (a) depicts the experimental result during startup. The signal is measured with a 1024-line encoder. Initially, 76-Hz (380 r/min) excitation frequency is applied for a short period, and then, the frequency is increased linearly up to 230 Hz, at which the takeover speed of 1150 r/min is reached. The duty cycle is maintained at 100%. Once the takeover speed has been reached, the CGPE pulses can be used to commutate the phases in closed loop. Fig. 12(b) shows , and CGPE measured during transition from open-loop to sensorless mode at takeover speed of 1339 r/min with . Fig. 13(a) shows and measured during the startup sequence. It can be seen that, at the beginning , the current is limited through chopping by a preset maximum current value and, as the speed goes up, the peak current is reduced. Once the takeover speed has been reached, the CGPE pulses can be used for commutation. Now, examples of sensorless closed-loop speed control are discussed. A PI controller acts on the PWM duty cycle for dynamic compensation. The firing angles remain fixed at . Fig. 13(b) shows and measured during transition from open-loop to sensorless mode with closed-loop speed control with a reference speed of 1092 r/min. An example of the drive's response to steps in speed reference is shown in Fig. 14(a) for sensorless mode and Fig. 14(b) with a 1024-line encoder. Clearly, the performance is comparable both with and without encoder feedback. and . This demonstrates that closed-loop CGSM could be acceptable in many low-cost variable-speed applications.
Finally, Fig. 16 depicts the torque-speed characteristic of the three-phase 6/4 SRM used and also shows in which region the CGSM can be applied. It is clear that in the range from 0 to approximately 200 r/min, estimation of rotor position is not possible. However, at higher speeds, CGSM does not put any limitation on the torque-speed motor characteristic.
VI. CONCLUSION
This paper has experimentally demonstrated for the first time the functionality of a new rotor position estimation method for SR motors operated in PWM voltage control, detecting one rotor position per phase per electrical cycle, with no a priori knowledge of motor parameters. The method is comparable in performance and complexity to the back-EMF method for brushless dc motors.
Experimental results confirm the theory and prove the concept of the new CGSM. The position estimation can be detected with either one detection circuit per phase or, preferably, with just one for the lower transistor bus current, even with excitation overlap. It should be noted that the only cost added by this scheme is the detection circuit, which uses a few low-cost components.
The firing angles can be varied freely with the condition of , which is otherwise necessary to produce adequate torque at high efficiency [13] . Feedforward (open loop) is used to accelerate the motor smoothly from zero speed up to a maximum frequency which is determined by the desired takeover speed. A closed-loop speed PI controller was implemented in sensorless mode, and a series of speed and torque transients demonstrated the feasibility of closing the speed loop by controlling the PWM duty cycle.
In summary, we may conclude that the CGPE allows estimation of one rotor position per stroke with no a priori knowledge of the motor parameters, except the pole configuration. It is, therefore, applicable to most SRM topologies in a wide power and speed range and for most inverter topologies. The method allows the control of the SRM drive in two quadrants by controlling the commutation angles and PWM duty cycle, but could be expanded to four-quadrant operation or continuous generator operation. The scheme is mainly suited for medium-and high-speed applications, and this simple and low-cost implementation may allow the SRM technology into a range of air-moving and pump applications and even domestic appliances.
